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V’ / v<ji^^i 3 rs n... 'if ttj.ynm .. 

flTV iijj r :;5 .r.in 

-J-V-CT .'yJOT'.- 

object or t <ia ’.nvoatlf^tlcxi «siB to 
the hi.^i b».3>ej*ctiir8 t^otoctlrui U\o8*<I«t’ s ti*r' Uw 
b'j iisljT2 •iJf coolirif in coijuaotlon vitii » uladc *’j&rc<i 
»loev@ Kad^i ojT k •lllinsnite bitso o*»2?(^lc« 

"*}ie invootlr.Btion »».» ll»<lt#d tj • Btctlc vest at 
sst &ix* coolod hXade wlSii b. cei’K^^c Bid isn 

tec ted blade in a velocity (i^a atjeedM t^.pere- 

tnres rta-ed Cro^. &oa° F to l<kK)® I'. Coolla* air Mea 
f*low WftB C'3nti‘ollt»<l but vs'U'Xeds x^ocondiii'^ of t 0 ('tj)«ra<« 
turea ras llrtlfcsd to o4» tenperature in ea«Ji blade at a 
point apprtjjel t tcl^ one fcKXPth the blade fcj>e 

root, ao attept me nade to Investigate t'M t/ior^ul 
•hoot: coaractori*tic# jf tt* c#r&*ilc sX»«yw. 
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In tiie _ 7 r<j->ent stw^a of *•*» tu^fclnr Jvti?!, rn» 
of the fi'ctora il':^fcin<; hi,"h®2' apecifie autp*.?!; *ic 
lower spoclfie fuel coamar^ptlon Is tlio neccawltj jf 
iMiiKtfclniiaf:, bocfi«a© of faefcallur^^icictl considers-ticato, 
reletlvoly low turbijio inlot te.-tperaturoa. '’-':rl5in8 

theory and laislyols of fc’o© thert'iodynanlcs of tJ'ie c/c3.e* 
present In <*08 turbines reveal thet the specific output 
of tt gas turbine is proportional to tlie tui-’bino Inlet 
tenperaturo.'* " {i.>oo ^ig. 1 .) AIttxoiSji’b. devicoe svaoh m 
heat e3cch*n.*ors can be used to Increase specific output 
and reduoe spoclflc faael cosisariptiofi, eiioro s«i,»vht sav¬ 
in'^ ia of Inportanco such a« in aircraft ao'sar uliuits, 
the eotploycnt of hi'-her turbine Inlot t«r'».p«»rBtu 2 '®s 
Rppeara to be tho root prccolsing isKsthotl of attainlntj 
the scao objective* 

High tecr^ratvare alloys ctirroatly avail able foi* 
lurblne blades rapidly lose strength end oilier dootr- 
ablfc cliaraoterlstics, such as low creep rate, at elo- 
’/ated tQ-vorj»turos, »iad curreait ttncoolad turb' « amits 
or»r»io w5. !‘h a otreas-liatited fce-jperefcui’e of soprosi- 
mtely 15^0® P. ruals preaeritly avcllablo will pro*Vuc» 
teiiperaturos in the region of 350 C'® ?. fig* 2(8' sr^aws 


' fuiporscriots refer to r«roronco« contsined in 
‘•..•{forencos i.-sd Tiblio^reohy*" 
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"at>asu 2 *CK.l te.'?^eratura (llstriU-tio 3 in t.-j* i'la.cJ’^o of 

a test tiii*blno, and rUg. 2(b) »lio»'3 crJLc jilted contri- 

fn:;-al strassos alort?; with »ti*ea«-ruptur9 carveta foz" 

biftd® naterial of t>i® test 3 s'Ama a 

H 8 ti 30 <! of datarainin^ llwltin^ apeod and critical blade 

sccticsa frofa curves of conputod to!<;?ori»t<3re di»triia!~ 

1 

tion and allowable stress llselted bled© ta’^.pssrt.tnx^, 

Pz»QH those Flijursa it would appear tSiat tlie 
blade te-tooratur© occurs ob a point i^ear the vidtll® of 
ttus blade, and tJ-xt t/io critical seetl =013 is at a point 
oppx’oxiaetol'/ one third the blade lonstli freer; ti:© root. 
Since present day alloys do not peralt uae oX' hi ■'her 
turbine inlet tojsfperf'-tures, possible solutions to the 
problora lie in blade eoollntj, the uoe of oor&nics, and 
the use of ptete,llo-cor*falcs oz* cei’aisaala. 

In the cstesory of blade coolin-r, the cooltnz; iwsdi- 
irss ‘iiost widely eiaployod have been air rml woter. '^10 
doJKittms prior to the end of Korld *or II were, in so«te 
of their latest aircraft tiirbo-jet er-ginas usinej hollow 
blades cooled by air, lith blade mtcrials, wfioae nljith 
tet^ei'ature q-ualities •»«:.»« inferior to Americazi t^pea, 
ts'i’peratiurea aa hir?! as 16 ^ 3 ® ^ conld bo reaciiod.^ A 
water cooled 3 tat lone ry $Ba t’U*bine was stlao :^>t>rate*f 
in nertisny, in wljich blade te*<p©rafcurc8 ‘jf 350® to 
93*5® ,? were .'Wiintaimd with »’as a t«;ip©r,>tui*o of 2<?00® 
JXowovar, water level control, condeneor G.,ocillarl»8, 

—’vl t'le posalbility of min^rtl doposlta In coolijzij 



ero the uissdvi#ifcii^% o to «>i:ch 

a oysto.-u^ 

The 'iatloaial Advlear^ Con^ittoe toi* Aerone-utics 
fuedo 8ii extensive study,^ part o- wiiioh rM exoerl»»e*-it*lj 
Oi ttEPhino blade coc>lirv ^otiiods. t.10 aetoode 

inveatigatod vroraj ri’s coolln-r by air, fil» 03 />lli' 4 -, b.. 
air iji e^iich tbs cooling air rio’ared ,mt of slita lii tAi« 
blade aad aloni? the blade sm'faco, cooiln: iiollow 
blades by aix* with and without an inaox*t ( i'!. 4.), ciit’. 
cooling by eirovslatinc liquid toro’ugti pasaagsa in tixe 
blades, 7 rcKa the above investigatioua it wais deterjiined 
tliat inorovad perfomaueo resulted vrifc>. incre«»od inlet 
tenjjeraturaa {>ersjitted by cooliiXi^, eve i thoii>::u coollnv 
losses were considorod. (ioe 1 which shows por- 

for-sance wiiexi losses doe to liquid cooling are consi¬ 
dered), Ri» cooling was considered to be of little 
viiiue othej* tiwsn to increase bled® llfel i^ila cooling 
was found to be affective, and an snal;yticsl Invosblga- 
tion of hollow blade air cooling revealed tiiat a gea 
tcf.poi'ature Incx^aee of I>' 0^ 7 could thj obtulnod, ith 
an Insei’t, tlxe porsvissiblo tempore.turo increase was 
fou.id to be 6^0^ P. liquid coolin’; indic<itac that tee— 
per&ttiros up to the li^lt of current fuels co-ild ‘oo 
obtained. 

In order to show son® of the 'iealreblo f eetur*® of 
cerawlCH in ^wilr *r'plic«tio»i to f*}® gas turaune field, 
a review of si^m of their orooertica and a co^pwlstri 
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of c fo'w of w*is»o roportiia •.•Itli c it 
alio,.0 can l!X) ppcsontci.'^ ''airf* >no of ’lai;" f.^r- 

jsolsSf for u '’sotallio blad© >iavln,’ a opoclfi.-? <"roTit7 
of 3.3 {»v©r» ;o for blad« al lsja), a r*sjdmi?i root 
of a.^i?ros>.«F.toly »j.0,0')0 p»i c«ii l^e obtc-Lned. It 
a of alloys iiev« 100 hour sbrosfl ruptiire 

in exc«ss of tiiat fisnire. «io«roir®i‘, abov* 1200 ° T th« 
stroiifjtii of 'setellic alloys dacro&ses ra-'idly, ?d«»ra«s 
son® pore ol a ins retain ^ost of their cri spinal, thouf^Ji 
lower, atrear;th ot elevated te-^TiisratiU'es, and ^llive siis- 
t&lned tenallc atre.ises of 17»000 pal «t l-IOO® f for 
over 100 ioour*, with an ftv»ra*f,e elongation or creep of 
leas than .OOOlf, per cent per hour, *‘t 1300 ° tlie best 
alloy has a 100 hour atresa-injEpt<u'*e strens^ta of at-proxl- 
aifcfeely 12,000 psi, wince tJi© stress sat up in a t-vjrMm 
blado ia directly pi*opci‘tioaal to the density, a cora’^ic 
blade with a density of 3*0 « tenuilo streiv*,tl» of 

10,000 pal would bo eq-aivalent to an aver6;^o alloy blade 
hmvlwi s tensile stren.jth of 47,0',>0 psi. dyaciikewitsch, 
in '•ersieny, investif.tted t 5 ie tensile strenqtiia of several 
corar.ics ot l 30 C° F, SiXl founti that their strondtha 
ranged from 6,000 to l 3,000 psi. At slellar tetpera- 
turoe, the Watic^iel Sur&mx of -itsjidferde c^aiiductod tests 
of a mr^er of cavmnic bodies and found that their 
in,' stroiMgths rajiiged frosa 10,■>■>;* to 3^»'>00 pai. •Ithout^h 
cermica are «,erM)raliy weaic in tension, they are » 'V- 
.'rinin^ly rood in oo* ipraaaio'h« .’atlonal ireau of 
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nt.s.tularti.a te.<t;Aa 33'* ^'tocLmetua oC stiiaV} -sr 
Cfsapreaeivo ati*aTw:;t«is in •«.£••« of 200a0i'>.', pai, And fiti* 
cofiw'ic ©3:nibifcod i CT-nr^TisiVffl • fcr^Ki'tb of 332 ,OC'->« 
n«i»a23ic»?^v» «zc®lleat roaistaiKie to aii^tion at aj#- 
»at«d ie^parttur#*, w.hsraaa oarily t>. f»* of ton var? 
scsipce -aotals sac]j aa piatiriJ- nnJ irioLujm lijuvn -^ood 
j»«aiat«nc9 to oxidation at hi«?i tonpor*atnp.a, 

I^oroelains havo bo«n fixind to hav« •xcellont rasls- 
tancs to oro©;.» boloa 19OO® V, and in con treat to nwtala 
do rot have t-'vs catrao tori Stic of havfjor* fclieir creop 
rata incr«a»« with ti« 5 e. '•ndeJ* proloffE^cJ lof 4 in,"t thay 
appear to heic*aaa tore resietent to cr«®;t, '’"ij® .^ost 

iTajjartmt aai>9cts of c«rai».lcs favorablo to theli* use in 
i*«s tarbims cn‘o their boat resistant <^ualitl'js, hi;ph 
?aeltln;*t polnto, lio»‘ densities, •soldabllity, resistance 
to oxidation, end poasiblo lov cost. 

Tn etyrpariaon to B*’ta 3 .s ceri«8iica hovo several un¬ 
attractive chbracterlstica which mst t»e overoaew to 
aRicceasfully '-laka use of trieir 'tare tieairnbie qualitioe 
in hi‘»h te^iperateiro work, fjrittleaess, tn®jnoi s.'xocK 
sensitivity, •i'id •aanuft»ct*a?ini3 dlffic^^lti©s such aa 
ahrlnV&'-o, twtrpin^* end flasi*.rin3: T'xrin'* fominr, a.id 
oli. terinp opcretlona, appear to oe tho -oat l’« >orvs*it. 

•T tl>eee, brittleneea Cfc»i possibly fie avoided by aein<:, 
ox*proJ3lvo rat-iej* t^i&n teosile otx'oasoa, w-d inor«Aasd 
knowled'.*© w-nd tecini'^uoa in aamif hotiu’lft' pi'ocaaaee ^u*y 
eliminate fomin'^ CliTiciiltle*. 'hex’ssal e-ioci seneltlTttj 
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is anpr.rently & property of t.i© c--.pivrlc ks 

well ao its simps, .TePK^iics ©ifiitlt vrrjlu'^ d»^et>s of 
thorw&l s%oci: renistsaco, ftnd ia n llatia'^ af tea 
rsfractopiss, the a iod: z^iSeisianc® is classified 

as fair to very -zood,^ TlMsy are, h.o»®ver, "enarally 
infsrior to ’'®tals in tnis res;>ect, 

Tiw U3® of cerariics, both in tlie i'om- of a cofitiios 
for wetal oemI «» solid cermilc bodies Izi hi^;h to‘':f>er®- 
tnre applications has ahowri conaidorablo ••;i»<».ise. '^he 
use of cer«3!ic cootin^js o« eolybdoiZ«jni pitot tubes, located 
Ill the notale of a ran jet, was, in slmzlatad sez'vice 
testa, instma-tental In prolonjrin.T; t!io life of th* Iristru- 

r' 

jjKjnbo from 5 "slnutea to minutes.'* AlthoiJ.«'h mch of 
the Increaoad life was due to th© pi'evention of oxida¬ 
tion of tii« mlybtlenJisi, in. Si>oclsian bests on a cseretjlc 
coated molybdenum strip, subjected to a gsa atrean at 
3500® P, t.r» te-tporeturs «t the »;iz*f »oo of the s ti*lp w&s 
offoctively reduced to 2600® F.^ In an or-dLytical 
otudy,^ the Kstional AdvisoiT' Gcrmlttoe for Aeronautics 
detoKilned that a liquid cooled turbine blade, with a 
low oomluctlvity ceramic coatinT .01’ titiek porj-itted a 
14,50° P increase in ?£» temperature over liquid coolixz* 
alozie, '^he use of ceramic coatinqs on ‘lothla, iioviiwver, 
presents additional problewts of tczeraial eaock because 
of fciio difference in rates of thear^al expansion of tine 
ceranio and the metal. 


f 



nosojarch ©rfort lato ao'S o.' m tuirbifta 

■blade imtoriel had ••’■kI A».ib»*q'i8nt oi*ld ,>tT J’ 

reftched c-jnsldozMble npopo2*ti:}'i». In Jer «£^y vurioue 
desl'Tis «ire connidered i^nd tested, Involviticr the 
nent of the ceraaio blcdea in tensioai as *s C'>*- 

preaslon, hlijides with a convsntio'-ml dovafeeil gscva*lrt. 
arran':8<Tenv tasted In a rotor asseeil'ly. It •«* 

fouid that tijo blade* had low loas! bearlxir, c<'.pacity, 
and according trs . talisch, of the Air “'ransnort . e- 
aesrch Institute, there *«o»©d to be little hope of 
rescuing hi.jh peripheral velocities wltii ceranlc blGdow ,3 
Another desiJ»n utilised the oi'incipl® of plrcine, tne 
corR,-ilc blades in oonpresalon b/ moantln." the blades 
radially Inward skj the liisaor s,urfaco of a rotetinr dnj?i, 
'This deeip;ri was also abaadoned dvie to ljT,croa«cd aoi^ht 
of, and inci*«saed otress in, the fltMaa l>oca«so of its 
hisrh peripheJ*al speed, arid becaiis© of tiie i'olatlvely 
conplicstod a33«’nbljr,3 The OeKiano finally resorted to 
a water cooled turbine. In an effort to ewalu&t© tb«> 
actual uao of cerafaic turbine blcdea, c nootructed 

and operated a p,as tsirbine with rotor blades »ade of 
tlllinsnite cerekasic,^ Thl* unit was operated at apeeda 
up to lr, 0 'I 0 .,P,b«, ttnd at teoperetures up to 
•^hc opei'atioa of the turblra did not meet witii ttte 
aervice requirersetit* because of lower than nomal 
little >owor oztractio'i, and lo» preea'-iro raoios acroaa 
the turbiric, h'oliinlnsry to to* sctual r»uriia of thi* 
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tur'rliio, th«rr'el o\ock co»adu«'tei >-*> s 

of l)l*d«s* 'ffka blsdss •itlistood ajvtin'* o,»r.lf'3 mltr- (n 
1100® F t,.e^?*rat'tr« ohen'i;® at tli® r*te of 2Jj.,0''K5® >’ r>©r 
p’tlnuta, but on ooollnK at atojm rate, t»o out of 
three blades broke* s^o»»v«r, whou tfso coolin^i rate <► s* 
roduned to 20,000® P per ninute, tiie blades witl-tstood 
repeated coolin'", cj'cloo. ^S5lte tiuj fact tJutt all of 
tlooso blades failad at relatively lo» csi!rjti'*iruK»l 
stresses. It v&s concluded timt fc.-se i'«,6ult» warranted 
further reoeorch into tho use of corsiulca sa turbine 
blades. 

In Older to l.'.nrovo t.*«j thcrf»al shocV cdiaracteris- 
tics and at the tlwa retain the tirtperatizre resis¬ 

tance of ceree^ics, acwae research in x'ecent years lisa 
been directed to the use of metallo-cera^lca or ceranals. 
Ceranals are eoeipoundod by use of powdered ’cetals with 

tluo addition oxides, carbides, nitrides, or boi’idea, 

A A 

etc, * Considerable In this field was done in 

’■Jemeny,’^ and the National Advisory ''osnittoe for <iero- 
noitics invoatiwatod & carbide type c«ra;.el as a jtss 
tiATbino blade materiel,*5 AltAxoa'^li results of cora-'aal 
I’eaearc’n fms showed c.jn3i<i/*rablo "tror'iso, it eppeax's 
that considerable .ore rcaeorch -^uat be done l^eforo 
definite conclusicMis as to feasibility of cerarml for 
rotor blades can. be rade, 

&i:ic© coropilcs &r© as a wtiole wea^ in tension end 
conpr.j*utively strong in co^Tpresslou, it eoeld erjoeor 
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tili.t research into uao oi** a o«v^i -*t *1^ noraAic t'*!- 
hla© blG<io hast •'iAinlj been Olr^cte**! te u**» ®X'*iolt<.*tiaCk 
of U*e -aoro Inferior Svi-aAf^tl: c*ieirr*eteri®fcic oj caria-tic* 
PmCessor • txxx^ptxy of ^\o ■ nivoi'sity of 'ifuietot* 
Pacalty 'as of tJic opinivXi Ui»t, ••ibject to corjatUac**- 
tlorss of ahoek senaitivity, cert-«lc» wauj^ >h» 

feasible in protectliig turbine bl&doo fron itii-h te-'-per*.- 
turos, fa^ovidlnf^ the desit^ was such taat tile cai'mie 
could> in ectuel turbine operation, be pieced in ctrupree 
Sion Instead of tension. It sas his ides tost e WLado 
shaped sleeve, free to ‘jov® radially el >n^ an inner 
bled® or core, and retained by 'eans of s cap cevice or 
8 :s.roud rin;;, satisfsetorily utilise the hi;'jh c'>«- 

presoive strensjtn of cerspi^lcs, obviate considerable of 
the objoctioaable brittleness characteriotios of cera- 
jislcs, and, since tlio sleove walls coiild be relatively 
thin, considerable i^aistsric© to thomal 3 ii-.ock could be 
©aintalaed. *'\u*fcher, the clearance between tiio wells 
of tJie sleeve and tiKs inner blado provltkid an ideal 
-•assacc for the introduction of cooling aii*. i^. 

Blows tliat elr coolia,'?; of a hollow U:irbine blade with 
an insert was *aAC]i 'wore effective »nd was aecoiapliBhed 
with a wlnlnauH a3ao.mt of elr In co«ipsrison with a ble 4 e 


wJthoht an insert 





foresin.i dla shown in J’’i»'s. 5 (f *»*« fch* 
final dealijn with which slo«ws wen* flnaHy sncijass- 
fully foraed. Sevoral nodlfications to ths orl:’;in*l 
j!eal«?ni were ■siade to improve tho Quality of the nls'ives. 
Countersinking of tim slidlnf; piston, snd bovslllnc of 
the blade tip were resorted to to inpro^?® the flow 
characteristics in pr«3sinf5:. It was known prior to 
msnufecturin:' the die tliat the desifyi selected was 
basically not the boat, but since simplicity, s&ee of 
laanufacture, *nd cost conslricratlona were p#renonnt the 
design was carried out. 

A Bililsjenlte base c«>-^ent was selected as sleex'e 
material becaiisc of availability and tho fact that the 
thor«al shock chcractoristics have been px*ovon to be 
sufriclontiy good bo warrant tho eonsidoration of ailll- 
manite for tsarbine blading inveatlGstiono.^ 

Tlia dry press process was used and after numerous 
triala it was foiind that 12 per cent fluid sdditioxx was 
necessary to provide awfflclent olssticity to mko c 
sleeve of ratlier uniforti density. In addition it was 
fouiid Recesaary to preload the die with sillliaanite 
dui’ing asserably of tlio die, ‘ px'easuro of l6,5*'^0 nsl 
waa used In praoslng, nud it was feuad that Increased 
ore.^eur® did not, fro« all ooi>esrancos, Inox’ovo tJxe 
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XI 


8 lc 5 eve btit t3ri*»ly r'a.*i'JLted t.*? tu* 

die bledo. The rreatest dirficiilty eucj in«.el’ed in 
for",«ln-«^ Uic sleeves ess lubricttlon ol’ • olii to effect 
witfadraval of tlie eleeve fro^n tiio die bleee. »^ario.ui 
l«b 2 »icents and cofubluations were tried, sjeon-^ tjae?* •er^,j 
talc, lard oil, .'O^apliite <’reeaa, vaseline, silicone 
pr«&s®» wid >3106 lubi'lcant. lone of the «bov» lutriceote 
were «uccoasf?il when water ees used us thw additive. 

The noBsibilitj of usiit^ a lu'oricent es 1;h« fluid adcl- 
tive tsw.a next resorted to. solution coct.xssed of the 
foil'•wins was -isde up: $ 0 ^ by vol^ase of o solution cor- 
taiaiag $ 0 i by wciciit of ’'Carbo-wax* (s water-soiiibl# 
wax) in water; $ 0 ,^ by volxmo of a solution contalninr 
1 }, 1 ' by weight of ’’veth-o-cel” in w&tsr. Twelve par ce it 
by weight of this solution wea added to tjio sillirmTlto 
powder, and the die surfaces were lubricated witii lard 
oil. This effort was again unauccessfui as the '*eeth~o- 
cel”, which, was to give dry strength to the sleeve, 
apparently Increased its edhsrinr. cuiellfcy. leaves were 
•>xccos»fu)ly witisdrcwn from the jsold uslnii tlve folloeiiv; 
procodiu*®: die surfaces rub'ed with colliidal graphite 
and 'Ivon a liiht coatla.!?; of lard oil; IZ* by weight of 
a eolation, aaonoand of $ 0 /> by eelgiit of 7 arbo-w 8 x in 
we ter, used «s tbsa fluid adv’itivo, i^ig, 6 a.howj a 
sleeve as withdraiKi ft'oss the wold and ;.rior to s.jenin,^ 
end 9intorin.g, 
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It WBO a®cl<3od, frcy* a et’dy or tae c'"ui^ii:a'*lu:i 
dlfi>cr»M^^ for Al 2^^3 • to sUttar feUo aioeves at 

300 '^® fho do;;ro© of dofornctlcst of tcio sloavas to 
bo expected in slntorin-j woa not cieflnitely kaoi«i. 
’Tsinimlsto deformation, a carbon coffin 6) wltli m 

2” dla boro, hsviruj the ame Inner surfece earv&ture 
as the sleeve •‘alls, was made to hold the aleevc uSiile 
sihtssrim;. 'fwo eerbon rods, (, 163 ” dia) •ere Inserted 
in the sleeve, to pi'eveiit sagseing, ''’empert.tui'e neaeure- 
nents dia:*lns slnterin'i^ tsfore ’vede using a Ireed«->^ortlirup 
Optical Pyi’ojsster of tlje dlaappoaring filcaient typo. 

The sinter In?* was doz^o ia a carbon-reslstaiice t^'pe 
fiirnace, follo'eflnc »a closely as .xyaaiblo a sciiedtzle 
shoeci in the Appendix. 

?ir. 6 shows a alaave striped szid ready fox* sinter¬ 
ing, and also a sleeve after sintering. Little cu3?v6- 
tore defoi'vetlon vaa observed, although ao-no sbririkage 
was arpararit, Ithdrawal of the carbcaa i*oda subaequoot 
to sinteriJx.i; was nado without difficulty. all thicknees 
of the sintered sleeve, clesiipiod to be , 1 ” taick varied 
I'T'xn ’*,037 to ' ,11^, ♦lowever, it is Know that tlie 
wall y icknesB during fowlin'? wao xiot uaifora, loselbly 
d‘io to sorlQgim’^ of trie die blade j^resa^iT. 'fhe 

«el''’ht of the sintered sleeve ?so .O-'S^ lbs. It is 
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t)eliCfV«d tivkt the dl 3 COlv)i>ati-m of ti#« wintered sle*»v© 
wa« due to the fact fcaat the eleeve eiriterod '.aider 
roducliTfi conditions. 
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oldinr 

> detailed drjuwin.; of tin© ':^aldinc di® u«ed in forri- 
in’ the corasalc sleeves is snown in 5« •‘i'?* 

a photo^aph sliosing the caw-'Oiisnt psrta of th® die, 

?eat n iedes 

Details of the teat blade used as fcl'.e insert for* 
the ceranlc sleeve ere abown in r i-’;. ?• f'>e tiatM'otected 
test blade s*ss nsde by euttlrifn fJowti tise central part of 
the statloaftry piston of the woldin." die, and is shoim 
in ~ir. Q along with the Insert teat blade. '>’hrwo . 136 '' 
diaaeter holes are anomx in the base flange of each 
blade for socjrln^ tlw test blades to the test block. 

It should be noted frora th® detailed drawings and digs, 

3 and 9 tliet there is considerable difference in thick¬ 
ness of the two tost blades, 

For reasons of siMplieity t^i® blades were deai^ied 
along llnea of a pure iwpulao type having no twist. Jhir 
ther, Ui« angle tln*o»i:gh w.ilch Was gas strecw waa to b« 
turned was liJ*iitod by dcaij^’n to a 'proxirsataly 75 dwrrso* 
In addition to th® actual teat blades, two OOJ^ 

b’*ckroto were cut down and used as g.lde blsdoa to tlirect 
the gas flow alom; the test blades, *^1?;. 9 o-oow* tiros® 
blades as installed in the test blocJc. 
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Corarjle -;>leov<i> 

7hes cerciiic alts'^'V©, ia G ww-T 

desifc^ipd to h&ve, prior to •'.nterinc, $t -‘Hil tnlo-Xi^tis 
of Oil, A sdcai»lri ,3 am, showa in /!', 9 to 

jw'evont feiM» sle«v# fro?* liftin.^ off t'-o blir'.de b«.»« 
t-‘%e actioa of th« cooliiv? sir, 

T-est fd^ck 

Fir;s, B mB 9 show dwtr.ila of feiaw tost block, ?he 
test block was iisde fr>:ai! ® steel block \*i$ x a.15> x 115, 

A slot ll7 wide and ”,l6 deep was milled in the block 
to receive the blades, -bol^s for coollar sir, thai’no- 
eonples, end hold doTO screws were drilled smi are shown 
in Fi’. 8, Also snown in FI?, 3 is the cooliii*; fir 
caesibor *»!xtch was chiseled ont to form e distribution 
ohannol for passes® of ooolin?^ sir to the test blade 
air iioles. fha block aftd Insert test blade natln,*’; siii*- 
faces w«r© {'^our'id to provide eui air ti?,sJtt joint end 
fcl-ieroby provont ooolln;; sir lc«ka,-je fr-ora erouzui th© base 
of th« blade, 7h® raised «Hb;o arjisid tho ocoupie 

hole in t'.io coatoi’ of 'tl'i® sir reaorvolp was also f^round 
to roi*^ an airtight seal **tid rs'eveiit Ifakag® of cooliir 
air Into tho ther ioooupls ini'ta li rtion. 

Test foctlon 

The test sectioin wes doaifcnwd to rlvo an entrance 
a-nd exit area of ip, fS in*^ (BVj x * *hd cr approxl- 
aato ! ••ci' livssbwr of ,6 for tlie I'entce of jperatlon 
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encociJiter«d iii tha inveatiaatij^ . V.r^ U.st * l->ck wit^ 
blades foiTaed one *ali of t»i« test -ecti'jti. "i''. in, 
ifhicn shows acbcaatically co*tr>l« t« t-at la/out, 
illuatpatas tdio locstloai of tow tost section aa well 
as otlier oaln eoeipoa-inta of tost ©qulfaBont, 

Allison ~arias 

fho Allison V-1710-OI OEiirina, aataraily aspirated 
and shown in '’ig. 11 , furnished co‘!?jri'os sod air to the 
J -33 bnmer. Air flow to tho Allison auporc’Vbrger was 
•cOBSjred by the pressure drop across a dis* aharp 
odPTo orifice located in the dla* Intake pipe. 

£r-n hm*nar 

Hot gas tor delivery to tin* test section was gener¬ 
ated in a J -33 burnei* using diesel fuel, Tonpersture of 
the atraan was conti*olled, for any set air sxipnly, 
by changing fuel pressure to the burner. The J -33 
burner and installstion is shoiR\ in Fig. 1 ?. 

Ty oer» t-ure ^ ehmtrernsrita 

7 ®v.x)erature ri^aaurewents wore «do by use of cera¬ 
mic inauisted, chro’^l-alursel tEveiT-iocouplos, led through 
compensated 1 b ad wires to a Prown decorder, TJie tecordor, 
reading in degrees Poiironheit, is shown in Figs, I3 and 
IJ^., 

"Jool Ing Air yetar 

Ch.-'pr©»aed air at 60 to 00 pslg for blade cooling 
wr.a f irniadied to Uio coolin'^ air ^.fter fr'we the 
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laboi’atory aiain air supnly, *rho cojliiv Ir -sr't«r eho?Ea 
In 13 was constr'a«te-*. insofar s* rr ctic«iul* In 

tceordence wifeii r©for«nce (10). Co:>liri''’, fdr prossui^ 
was controllsd by « Klob« ston value end re»d on tbe 
tjoxxre at tho outlet end of the retor, Air quantity 
nteasured by the pi*enaure drop across a dia. sharp 
ed^je orirics in th® 2 " pips of th® coolinq raster, ^h© 
pressure drop was indicated on t*>e na;ion«ter reccu’dinc 
in inches of water. 

Control I-ianel 

Control of tlie test oquipwont tj&» exorcised tia’uu^h 
a standard control panel a/»o*ca in Fir., li^,. 
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blades, with ther-nocouples itistailsd fn<3 
^ouatdd iii th« test bloc\ (I’ir. 9), »«re Inserted. 1.'. 
tno test sect Ian, end tsafcs were c-.inducted fro-;:? the 
control panel, t'wo c^wtiplete rtins were .’edo, tJias firet 
at e cesapressor :l?V of 13,25-0, and the second «t a 
ooTapi-eosor of ?i!.,0:;0. Te^^peratwro of tiie f-«*s stream 
was varlacl, by con!ip.ol of burner fuel preomre, between 
600 ® ? and iGOO'^ F In F increments at a rate of 

©pprooci'^tely IGOO® ,F per nirmte. At ©«ch «-as te’wparo- 
tur«, cooliws oir floe was varied by adjyptinsT Wm cool¬ 
ing eii‘ meter orifice prossure drop of 0 to .? Inches 
of water, using iiicremants of ,10 inches of water, 
Yosspereture i^cordinss were wrdo of blade th«r’'iocouole 
roftd'.nss for each gas fee nperature end range of cooling 
air flow rates, Hecessary pre-^sure and te'-paratiire 
i'esdInfjs -Brare recorded. Observed date for ell testa 
are listed in Tebles t fend TI, 
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I‘‘i28» 15 fsr^d l 6 »'io» (?i'ar'hic*ll7 t'la ros’ lt» of 
tMs invastigfttion. In Pir. 15 te© eriownt of t«rr>e 2 *s- 
t'Ji*© reduction obtained with the ceras?lc sleeve la alioen 
plotted against weight of cooling ftii* fot* buwaoi* air 
flows varying fro «5 lOO to 130 Ibs/tsin, The ms strea* 
Kach t.o. varied ft*;*?* .I|. 9 ii. to . 6 ll. The -laxlman te joera- 
t^a*e reduction of P occtirred at a -.as temperature 

of 1600° F and a cooling air flow of .9'?> Iba/^in, 
Powevsr, the i^te of increase in te.pori*turo 

reduction occurxmd at los^er oooliU'; air floes, 'ihis 
can be aeon fro« tho decreasinh slof>® of tlie curves as 
the coolinr eir weight flow increase**. Tlje tonperaturo 
of th© protested blade with no c-x>liii.* eir flou was 
considered to be eooe“tially to® sai’ie as that of t>>e 
unprotected blade (Table I). This cli oossibly be attri¬ 
buted to the fact that there we« 0op»rontly little he«t 
transfer fron tho base of tlT© teat bloch to the et- o»- 
pher®, end hence the to^cperatv’re n»c«8»fcrily »ro<-ild 
eguel that of too un} rotectod blfcde, 

16 shows te.iperaturo redtictlon versus c jolinv 
nlr weif^ht flow for burner eir fl>ws r«'>;in.''; fron 155 
to 170 Ibs/tain, ejad for i*aa stress *-S’Ch -'oa, free ,731 
to . ' 73 * »&s not ''ossiblo in this rim to (maintain 

c*)nb istlcn l i tho burner at a gas tO'pari'ture of 600° P, 
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Also, tlio cooiin? sir frcxi th/r 

Ipboratory supply line »aa .Gl lbs/nln» *«. naxl'Mi 
teipersture reduction of iliiH® ^ for tbis run **a obtaUTsd 
at ft "as tesaperfiture of l6oc*® •* *rid a coolia>* •ia* flow 
of .31 IbeAin, 

Aa in first run, tlio sloipo of tlie curv<»« re- 
venls that the .^reatost .Incroaso in to-norat^ir* reduc¬ 
tion occurred at tho lower cooling air fliow*. 

A coejjsrison of tJie ciirvoa fat* t'jw two test oondi- 
ti«Hi3 s^xows resoaricabl© »l>‘*JLlir’ity, It the hif^hei* >s,ch 
'’o». ti'jo reduction In te«;per»t\ir«, for a given .gas tew- 
peraturo, was sligl’itly tmt consiatontly groatei* tiien 
that for til* lower «'«3 stream Vech Ifes, * s ctwld b© 
©xpacted, for o givas oolin;: «lr flow, the fpr*aat8at 
tcrrp«rtifcui’o redMctloii txjcurretl at tii© hl»jbBr g»s teanera- 
turea, 

5 inc« there wss cpptrently little heat trunafei* 
fro?* the test block to trie atiosphore, t-r© orotootioa 
afforded the bled© by trw e^resde sleeve, without cool¬ 
ing, i*fid sololy as a result of Its lo** thorn&l comluc- 
tivity, coaid not be eveiluatod. It is felt that this 
sitiration, with respect to neat transfer fro*? the blade 
to the wountiiKc base, is -•or* adverse than that exlatins 
in an actual turbine, •.xolvMilw* otlier factors eerf 
b&aed an ;Iie te ^erature protect ion efforded by a low 
conductivity ceramic it la irobabl© that a similar 
installation ia an actual turbine would either result 



In. & f^'eater to*r>«>rattars a'«aactio*i, or* similar t©'.p»ra~ 
turo rodaction atith lens cooling sir flow, 

Tljo wei'rnt of cooling air used in providing the 
te-'perct'ore redactions ancounterod La these tests was 
relatively sawdl, Asstjwin':* that t» meximtis emotant of 
cooling air used, (lb»/»iln in fiaan 1 effactiag a 
tewjjoratiiTe red’actlon of OT-V® could effectively cool 
one turbine blade in exi I-!a.O turbojet onglno (51-^ baickets, 
compressor nir capacity approxlipuitoly lp?6o Iba/r-in at 
rated sea level r,p,m,) extrapolation of dsta would 
indlc&to that coolin.5 of the t.ii*bine blades in tk» I-ij-O 
engine could oe accocr.j'slishod by bleediii?; a >, roxisaa toly 
1,2;'S of the cojopressor air capacity. 
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Slnc«s this l-nvesiijation **3 aontliicted in a etctic 
rl-:' and tmdar coi«Iitio»« ujirelated to actuftl turblno 
opoj*®tloii, 1X0 dcriiilte ctoficlcslons csui b® drawn as to 
tlie a:>:?Uc£.bility of cerrinic Rle-:.vo* In raduGin*er blade 
tonperefcures in aii actual tiu'bine. ‘Towever, the follow- 
lnt» concluaions wore readiedj 

!• The confiniaratioa iMRployln,:^ a oeraaic sleeve 
with ail* coolings Is* excludii^-r aervico operating and 
other factors, an effective «jid wconosiical issoans of 
offoctli^ toraperafcure reduction of turbine blades, 

2 , The aciount of te‘p©rotur® reduction obtained 
io ?ropca:*tlonal to tJie cooling air flo?r, for the rar^e 
of cooling Kir n.ow3 Invoatlgiitod. 

3 . Tlie amount of tempersturo reduction per unit 
weight flow of cooling air is greatest at the lower 
cooling eir flow rates. 
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TABL£ _r 


RUN L - OBSERVED TEST DATA, COMPRESSOR PFMN8.Z50 
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0 

0 
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TABL£ IT 


/fUN X?- OBSERyED TEST DATA, C0MF-RE550R ZtOOO 



Pec. 

‘■//cc^ 

600° 

GAS 

TPM PER A PURE- 
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TURBOPROP EhlOINE PERFORMAfJCE WITH ^WITHOUT COOLING 
LOSSES. AIRPLANE SPEED, 500 MPH: MACH 
NO., 0.69, ALTITUCLE: 30^000 ft. 

Elgure 1 


(Reproduced from Ref, 1 by Permission lAeS) 
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Pig\ire 2(b) 

(Reproduced from Ref. 2 by Permission SAE) 
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RATIO OF D|STA^iCF FROM 6LADE ROOT 
TO TOTAL BLAOE LE/VOTHj x/L 


method Of DfTERMINlNG LIMITING SPEED 
AND critical BLADE SECTION FROM CURVES 
or TEMPERATURE DlSTRI BUT I OH AND ALLOW¬ 
ABLE STRESS-LIMITED 8LADE TEMPERATURE 


Figure 3 

(Reproduced from Ref. 1 by permission lAeS) 
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Figure 6 

Sleeve Forming and Sintering Equipment 
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Test Block and Test Blades 
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Figtire 9 

Test Block and Blades Assembled 
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Allison V-1710-81 Engine 
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Cooling Air Meter 
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Control Panel 
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